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The PHRI gene of Saccharomyces cerevisiae encodes a DNA photolyase that catalyzes the light-dependent
repair of pyrimidine dimers. In the absence of photoreactivating light, this enzyme binds to pyrimidine dimers
but is unable to repair them. We have assessed the effect of bound photolyase on the dark survival of yeast cells
carrying mutations in genes that eliminate either nucleotide excision repair (RAD2) or mutagenic repair
(RAD18). We found that a functional PHRI gene enhanced dark survival in a radl8 background but failed to
do so in a rad2 or rad2 radl8 background and therefore conclude that photolyase stimulates specifically
nucleotide excision repair of dimers in S. cerevisiae. This effect is similar to the effect of Escherichia coli
photolyase on excision repair in the bacterium. However, despite the functional and structural similarities
between yeast photolyase and the E. coil enzyme and complementation of the photoreactivation deficiency ofE.
coli phr mutants by PHRI, yeast photolyase failed to enhance excision repair in the bacterium. Instead, Phrl
was found to be a potent inhibitor of dark repair in recA strains but had no effect in uvrA strains. The results
of in vitro experiments indicate that inhibition of nucleotide excision repair results from competition between
yeast photolyase and ABC excision nuclease for binding at pyrimidine dimers. In addition, the A and B
subunits of the excision nuclease, when allowed to bind to dimers before photolyase, suppressed photoreacti-
vation by Phrl. We propose that enhancement of nucleotide excision repair by photolyases is a general
phenomenon and that photolyase should be considered an accessory protein in this pathway.
The lethal, mutagenic, and carcinogenic effects of far-UV
radiation are primarily attributable to the formation of py-
rimidine dimers (cis-syn cyclobutane dipyrimidines) between
adjacent bases on the same DNA strand. Given the preva-
lence of dimer-inducing wavelengths in the solar spectrum, it
is not surprising that enzymatic pathways have evolved that
either repair pyrimidine dimers or bypass the genotoxic
effects of these lesions. The genetics and enzymology of
these processes have been most extensively studied in
Escherichia coli and Saccharomyces cerevisiae. Both organ-
isms possess photoreactivation and nucleotide excision re-
pair pathways that remove dimers from DNA (for recent
reviews, see references 7 and 34); in addition, recombina-
tion, and perhaps transdimer synthesis, permits cells to
temporarily tolerate a limited number of lesions (9, 11, 17,
25, 30, 48). Because pyrimidine dimers in DNA are potential
substrates for several different repair pathways in the same
cell, interactions between the components of these pathways
must be considered in assessing the contribution of each
pathway to repair and damage tolerance.
DNA photolyases repair pyrimidine dimers via a two-step
process; dimers are bound by the enzyme, which subse-
quently absorbs a photon of near-UV light and uses this
energy to cleave the cyclobutane ring linking the two pyrim-
idines (28). The fact that photolyases can bind dimers in the
absence of the light necessary to catalyze photolysis imme-
diately raises the question of whether bound photolyase
enhances, inhibits, or has no effect on light-independent
repair and tolerance processes. A number of in vivo studies
have demonstrated that even in the absence of photoreacti-
vating light, E. coli phr+ strains are more resistant to
UV-induced cell killing than are phr mutant strains and that
this effect requires an active nucleotide excision repair
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pathway (12, 13, 50, 51). Several years ago, we demon-
strated that this characteristic is due to photolyase-mediated
enhancement of dimer recognition by ABC excision nucle-
ase (31), which catalyzes the first step in nucleotide excision
repair, namely, incision of the damage-containing strand on
each side of the lesion (34). Is this stimulation specific to the
bacterial system, or does it reflect a more general phenom-
enon in which photolyases assist in the dark repair or
tolerance of dimers? To answer this question, we now turn
our attention to the interactions between photolyase and
dark repair processes in yeast.
In S. cerevisiae, mutations in either of two loosely linked
genes, PHRI and PHR2, inhibit photoreactivation of pyrim-
idine dimers (20, 27). PHRI encodes a 66-kilodalton photo-
lyase containing both flavin and folate chromophores (34, 35,
38); although the function ofPHR2 is not known, it appears
that this gene serves an ancillary function rather than eulcod-
ing a second photolyase (20, 34). In addition to genes
involved in photoreactivation, approximately 30 genetic loci
have been identified which, when mutated, alter the ability
of yeast cells to repair or tolerate pyrimidine dimers in the
dark (7). In general, each locus has been assigned to one of
three epistasis groups, each of which is thought to corre-
spond to a different pathway for the repair or tolerance of
UV-induced DNA damage (7, 9). Genes in the RAD3 epista-
sis group are involved in nucleotide excision repair, whereas
those in the RAD6 and RAD52 epistasis groups are involved
in UV-induced mutagenesis and recombination, respec-
tively. To assess the contribution of photolyase to the dark
repair and tolerance of dimers, we have quantitated the
survival, after UV irradiation and subsequent incubation in
the dark, of strains carrying rad2 (RAD3 epistasis group) or
radl8 (RAD6 epistasis group) mutations and either an active
or an inactive PHRI gene. In addition, the similarity of the
Phrl photolyase to that of E. coli with respect to primary
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TABLE 1. E. coli strains used
Strain Genotype Source, reference, or comments
AB1157 thr-J leuB6 proA2 hisG4 argE3 thi-J ara-14 lacY) galK2 CGSCa (4)
xyl-5 mtl-l rpsL31 tsx33 A- supE44
AB2463 recA13 AB1157 CGSCa (15)
CSR06 phr-J uvrA6 AB1157 CGSCa (33)
CSR603 recAl phr-l uvrA6 AB1157 CGSCa (32, 33)
MCL31 HfrPO201 A(gpt-lac)5 relAl rpsE2123 thi-l supE44 TP3 M. Lorence and C. S. Rupert (19)
A(srl-recA)306::TnlO
NK6033 HfrPOl A(gpt-lac)5 nadASO::TnJO relAl spoTI thi-l A- N. Kleckner via CGSCa
UNC06 nadA50::TnlO phr-l uvrA6 AB1157 G. Payne and A. Sancar; P1 transduction of nadA50::TnJO
from NK6033 into CSR06
UNC1157 nadA50 (TnO-) phr-l AB1157 This work; P1 transduction of phr-J from UNC06 into
AB1157, followed by curing of TnlO
UNC2157 A(srl-recA)306 (TnlO-) nadA50 (TnlO-) phr-J This work; P1 transduction of A(srl-recA)306 from MCL31
into UNC1157, followed by curing of TnlO
UNC4000 gyrA96 recAl relAl endA1 thi-l hsdRJ7 supE44 Previously reported as DH1/F' lacIqL8 (37)
(F'[lacIqL8 proAB+])
UNC4001 phr-1 uvrA6 AB1157 (F'[lacIqL8 proAB+]) This work; plasmid transconjugant of UNC4000 x CSR06
UNC4002 recA13 AB1157 (F'[lacIqL8 proAB+]) This work; plasmid transconjugant of UNC4000 x AB2463
UNC4003 A(srl-recA)306 (TnlO-) nadA50 (TnO-) phr-1 AB1157 This work; plasmid transconjugant of UNC4000 x UNC2157
(F'[lacIqL8 proAB+])
UNC4004 A(srl-recA)306 (TnlO-) nadA50 (TnlO-) phr-1 AB1157 This work; UNC2157 transformed with pMS2 carrying the
(pMS2[phr']) E. coli phr gene
UNC4005 A(srl-recA)306 (TnJO-) nadA50 (TnJO-) phr-J AB1157 This work; UNC4003 transformant
(F'[lacIqL8 proAB+]) (pUNCO9[Phr-])
UNC4006 A(srl-recA)306 (TnlO-) nadA50 (TnlO-) phr-J AB1157 This work; UNC4003 transformed with pGBS101 carrying
(F'[lacIqL8 proAB+]) (pGBS101[PHRI+]) the S. cerevisiae PHRI gene
UNC4007 A(srl-recA)306 (TnlO-) nadA50 (TnJO-) phr-1 AB1157 This work; UNC4003 transformed with pCB9 carrying a
(F'[lacIqL8 proAB+]) (pCB9[phrl]) truncated S. cerevisiae PHRJ gene
UNC4008 phr-1 uvrA6 AB1157 (F'[lacIqL8 proAB+]) This work; UNC4001 transformant
(pUNCO9[Phr-])
UNC4009 phr-1 uvrA6 AB1157 (F'[lacIqL8 proAB+]) This work; UNC4001 transformed with pGBS101 carrying
(pGBS101[PHRI+]) the S. cerevisiae PHRI gene
a Obtained from B. Bachmann, E. coli Genetic Stock Center (CGSC), Yale University, New Haven, Conn.
sequence (35, 39, 52), chromophore content (34), and DNA
binding (1) prompted us to ask whether the yeast enzyme can
substitute for the bacterial photolyase in stimulating E. coli
ABC excision nuclease. Our results indicate that stimulation
of nucleotide excision repair by photolyases in the dark is
likely to be a general phenomenon but that sufficient differ-
ences in substrate binding, protein-protein interactions, or
both have accumulated during evolution to preclude stimu-
lation of excision by photolyases from distantly related
species.
MATERIALS AND METHODS
Plasmids. Constructions of all plasmids used in this study
have been reported previously. Plasmid pGBS107 is a deriv-
ative of the yeast-E. coli shuttle vector pBM258 (Ampr
CEN4 URA3 ARSI) in which the coding sequence of the S.
cerevisiae PHRI gene has been fused to the GALIO pro-
moter and upstream regulatory sequences present on the
plasmid, thereby rendering expression of PHRI galactose
inducible and glucose repressible (37). Plasmid pGBS101
carries the PHRI coding sequences inserted 360 base pairs
downstream from the tac promoter and ribosome-binding
site in the E. coli plasmid pUNC09 (36); addition of lactose
or isopropylthio-p-D-galactoside (IPTG) to cells carrying
pGBS101 induces expression of the yeast PHRJ gene in E.
coli. pCB9 is a derivative of pGBS101 in which the 509 base
pairs between tac and the second ATG in the PHR1 open
reading frame have been deleted; induction of pCB9 leads to
the synthesis of an inactive truncated form of yeast photo-
lyase (37). Plasmid pMS2 is a derivative of pBR322 that
carries the entire phr gene of E. coli (40).
Strains, constructions, and growth media. E. coli strains
used in this study are listed in Table 1. Strains CH06,
UNC1157, and UNC2157 were constructed by using stan-
dard transduction techniques for bacteriophage P1 (23).
After confirmation of the desired genotype, the constructs
were cured of transposon-encoded tetracycline resistance by
growth on fusaric acid and chlortetracycline (2, 21). Trans-
formations and matings were performed as described previ-
ously (23, 33). Cultures to be irradiated were grown in Luria
broth supplemented with appropriate antibiotics (streptomy-
cin, 50 ,ug/ml; tetracycline, 20 ,ug/ml).
The yeast strains used (Table 2) were constructed by using
standard genetic techniques (42). Growth media (42) used in
the course of the UV resistance studies were YPAD (1%
yeast extract, 2% peptone, 2% dextrose, 0.003% adenine
hemisulfate), SC (synthetic complete medium), SC-ura (SC
lacking uracil), and YPG (1% yeast extract, 2% peptone, 3%
glycerol). Transformations were performed as described by
Hinnen et al. (14), selecting for uracil prototrophy conferred
by pGBS107. In some cases, transformed strains were cured
of pGBS107 by growing the strains for approximately 20
generations in YPAD, followed by plating of dilutions on
YPAD and replica plating onto SC-ura to screen for loss of
the plasmid-bome URA3 gene.
UV survival. Far-UV (254 nm) light was supplied by a
germicidal lamp (G8T5; General Electric Co., Schenectady,
N.Y.), and all irradiations, subsequent manipulations, and
growth were carried out under Sylvania F40 gold fluorescent
lamps to prevent uncontrolled photoreactivation.
Overnight, stationary-phase cultures of E. coli strains
without plasmids (A6. = 4.0) were washed twice in phos-
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TABLE 2. S. cerevisiae strains used
Strain Genotype Source, reference, or commentsa
X12-6B a radl-l ade2-1 YGSCb
JG-18 a radl8-2 ade2 his5 Iysi leul YGSCb
DBY745 a adel-101 leu2-3,112 ura3-52 David Botstein via Howard Fried
GBS1 a rad2 phrl adel leu2 This laboratory; XS217-5B (37) x GBS58
GBS2 a rad2 phrl adel gallO trpi This laboratory (37)
GBS46 a phrl trpl ura3-52 This work; X12-6B x DBY745
GBS55 a phrl leu2-3,112 trpi ura3-52 This work; GBS46 x DBY745
GBS57 a radl8-2 phrl hisS leu2-3,112 lysi trpl ura3-52 This work; GBS55 x JG-18
GBS58 a radl8-2 hisS leul trpl ura3-52 This work; GBS55 x JG-18
GBS88 a rad2 phrl leu2-3,112 trpl ura3-52 (pGBS107[PHRI])c This laboratory; previously called GBS76
[pGBS107] (37)
GBS89 a rad2 phrl leu2-3,112 trpl ura3-52 (pGBS107)Y This laboratory (37)
GBS90 a radl8-2 phrl his5 leu2-3,112 lysi trpl ura3-52 (pGBS107[PHRI])c This work
GBS91 a radl8-2 phrl hisS leu2-3,112 lysi trpl ura3-52 (pGBS107-)d This work
GBS93 a rad2 radl8-2 phrl ura3-52 trpl leul leu2 This work; GBS1 x GBS58
GBS94 a rad2 radl8-2 phrl ura3-52 trpl leul leu2 (pGBS107[PHRI])c This work
GBS95 a rad2 radl8-2 phrl ura3-52 trpl leul leu2 (pGBS107-)d This work
a Where genetic crosses are indicated, the resultant strain is a haploid sporulation product.
b Obtained from the Yeast Genetic Stock Center (YGSC), University of California, Berkeley, Calif.
I Ploidy is not necessarily the same as that of the original nontransformed strain.
d A Ura- Phr- segregant of the parental plasmid-containing strain.
phate-buffered saline (PBS), resuspended in PBS to an A6.
of 0.3, irradiated with stirring in 10-ml samples in 100-ml
custard dishes, diluted in PBS, and plated on Luria broth
agar. Surviving colonies were counted after 16 to 24 h of
incubation at 37°C. For survival of E. coli strains carrying
tac plasmids, cells were grown to late log phase (A6. = 0.8),
at which time IPTG was added to a final concentration of 2
mM. Two hours later, the cells were washed, irradiated,
plated, and incubated as described above.
S. cerevisiae strains without galactose-inducible promoter
plasmids were grown to stationary phase (<10% budding
cells, A6. = 16 to 20), washed in PBS, diluted, and irradi-
ated as described above. Postirradiation dilution in PBS was
followed by plating on YPAD agar. Plates were incubated for
72 to 80 h at 30°C before surviving colonies were counted.
Yeast strains harboring plasmid pGBS107 and control strains
cured of the plasmid were cultured and irradiated as de-
scribed previously (37). To induce transcription from the
GALIO promoter, galactose was added to 2% to mid-log-
phase cultures in YPG; 3 to 4 h later, the cells were washed,
irradiated, and plated as described above. When flash pho-
toreactivation was to be performed before dilution and
plating, 5-ml samples from the irradiated mixture were
transferred to 20-ml glass test tubes before administration of
photoreactivating light via the simultaneous discharge of two
photographic flash units (Vivitar model 283).
Preparation of substrates for in vitro assays. 3H-labeled
pBR322 DNA was prepared by amplification of the plasmid
in the presence of [3H]thymidine, followed by purification of
plasmid DNA by CsCl-ethidium bromide density gradient
centrifugation (41). Purified plasmid DNA (20 ,ug/ml) was
irradiated with 254-nm light to produce the desired number
of pyrimidine dimers per molecule as quantitated by the
transformation assay (41). Plasmid DNA containing psoralen
monoadducts was obtained by incubating unlabeled pBR322
DNA with [3H]4'-hydroxymethyl-4,5',8-trimethylpsoralen
(HMT; 12 Ci/mmol; HRI Associates, Emoryville, Calif.) as
follows: a mixture consisting ofHMT (25 ng/ml) and plasmid
DNA (57 nM) in TEN buffer (10 mM Tris [pH 7.4], 10 mM
NaCl, 1 mM disodium EDTA) was incubated on ice and
under yellow safe lights for 30 min. Covalent adducts were
formed by irradiating the HMT-DNA solution on ice at a
fluence rate of 40 J/m2 per s (delivered by a B-100A Black-
Ray lamp; UV Products, Inc., San Gabriel, Calif.) for 15
min, after which the DNA was precipitated twice with 0.3 M
sodium acetate and 2.5 volumes of 95% ethanol and then
dissolved in TEN buffer and dialyzed against 10,000 volumes
of the same buffer. The final HMT-DNA preparation had a
specific activity of 58,800 dpm/,ug.
In vitro assay for incision by ABC excision nuclease in the
presence or absence of yeast photolyase. The UvrA, UvrB,
and UvrC subunits of E. coli ABC excision nuclease and S.
cerevisiae Phrl photolyase were purified as previously de-
scribed (38, 44). Assays to monitor incision of adducted
pBR322 DNA by ABC excision nuclease were performed in
ABC assay buffer (50 mM Tris [pH 7.5], 50 mM KCI, 10 mM
MgCl2, 10 mM dithiothreitol, 2 mM ATP, 1 mg of bovine
serum albumin per ml) containing as substrate either UV-
irradiated 3H-labeled pBR322 DNA (2.6 nM DNA, 3 pyrim-
idine dimers per plasmid molecule) or [3H]HMT-treated
plasmid DNA (3.1 nM DNA, 6.2 adducts per plasmid mole-
cule). The reaction mixture was assembled on ice; then yeast
photolyase (320 nM) or a comparable volume of dilution
buffer was added, and the mixture was incubated at room
temperature for 10 min to allow photolyase-pyrimidine dimer
complex formation. A mixture of UvrA, UvrB, and UvrC
proteins (70, 300, and 31 nM, respectively) was then added,
the mixtures were transferred to a 37°C heat block, and at
various times 35-,u samples were added to 15 ,ul of stop-
loading solution (83 mM disodium EDTA, 10 mM Tris [pH
7.4], 1% sodium dodecyl sulfate, 5% glycerol, 0.01% bro-
mophenol blue). The samples were then heated at 70°C for 5
min and loaded onto vertical 0.8% agarose gels in E buffer
(40 mM Tris [pH 8.0], 20 mM sodium acetate, 18 mM NaCl,
2 mM disodium EDTA). The separated covalently closed
circular and open circular DNA bands were visualized by
staining with ethidium bromide (2 ,ug/ml), excised from the
gel, and dissolved in 0.5 ml of 1 N HCI at 90°C for 30 min; 5
ml of Scintiverse I (Fisher Chemicals) was added, and the
radioactivity in each band was quantitated by using a Rack-
beta 1214 liquid scintillation counter (LKB Instruments,
Inc., Rockville, Md.). The average number of incisions per
plasmid molecule (1) at each time point was calculated
from the relationship dpmccc/dpmtotal = e-', where dpm cc/
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dpmtotai is the fraction of total disintegrations per minute
remaining in covalently closed circular DNA and therefore
not incised by the excision nuclease. These values were
corrected for the amount of open circular DNA present at
zero time (25 and 5% of the total for UV-irradiated DNA and
HMT-modified DNA, respectively).
Assay for photoreactivation in vitro in the presence or
absence of UvrA and UvrB proteins. Mixtures containing
UvrA and UvrB proteins at various concentrations, or an
equal volume of dilution buffer, were added to UV-irradiated
DNA (4.6 nM plasmid containing 2.2 pyrimidine dimers per
molecule) in ABC assay buffer and incubated at room
temperature for 10 min, after which photolyase was added to
a final concentration of 2.7 nM. Two minutes later, the
300-,ul reaction mixtures were transferred to individual com-
partments of 24-well microdilution dishes (Falcon; Becton
Dickinson Labware, Oxnard, Calif.), and photoreactivation
was begun by using a fluence of 4 J/m2 of 365-nm light per M2
per s supplied by a Sylvania Black Light bulb. At appropri-
ate times, 10-,ul samples were removed, added to 25 RI of 25
mM disodium EDTA, and stored in the dark. Portions of 10
,ul from these samples were used to transform the repair-
deficient E. coli CSR603 to tetracycline resistance (31). The
average number of dimers per molecule (D) at each time
point was determined from the relationship S,1SO = e-D,
where SO is the number of transformants obtained by using
nonirradiated DNA of the same concentration and S, is the
number of transformants after t minutes of photoreactiva-
tion.
RESULTS
The PHRI gene enhances dark repair in S. cerevisiae.
Comparison of UV survival curves of different yeast strains
is frequently complicated by (unknown) differences in ge-
netic background. To avoid such background effects in
determining whether the S. cerevisiae PHRI gene has an
effect on dark-repair processes, we exploited the availability
of plasmid pGBS107, which carries the PHRI gene fused to
the galactose-inducible GALIO promoter (37). Our strategy
was to transform dark-repair- and photoreactivation-defi-
cient strains with pGBS107 and to compare the UV survivals
of the resultant PHR+ transformants with the survivals of
PHR- segregants that had lost the plasmid. This strategy has
the advantage that each strain is compared with a partner of
the same ploidy that is completely isogenic except for the
presence or absence of plasmid-borne genes. The complete
genotypes of these strains are given in Table 2.
Figure 1A compares the dark survival, after galactose
induction and 254-nm irradiation, of log-phase cultures of the
radl8 pair GBS90 and GBS91. The presence of pGBS107
(GBS90) enhanced dark survival approximately 10-fold. In
contrast, pGBS107 had no demonstrable effect on the dark
survival of the rad2 pair GBS88 and GBS89 (Fig. 1B). The
absence of survival enhancement was not due to failure of
GBS88 to synthesize the PHRI photolyase, as photoreacti-
vation of UV-induced lethality was clearly demonstrable
(Fig. 1B); rather, the ability of pGBS107 to stimulate dark
survival was abolished either by inactivation of RAD2 or by
the presence of a wild-type RAD18 gene. To discriminate
between these possibilities, we compared the dark survivals
of the rad2 radl8 pair GBS94 and GBS95. pGBS107 not only
failed to enhance dark repair in GBS94 but actually inhibited
repair (Fig. 1C). Although the mechanism of inhibition is not
known, the finding that pGBS107 did not enhance survival in
either a rad2 or rad2 radl8 background indicates that an
active RAD2 gene, or more likely an active nucleotide
excision repair pathway, is required for stimulation of dark
repair by pGBS107.
Logarithmically growing wild-type yeast strains contain 75
to 150 molecules of photolyase per cell and approximately
twice this amount during stationary phase (8, 53). In con-
trast, galactose induction of log-phase cells carrying
pGBS107 results in the synthesis of at least 1,800 to 2,400
molecules of photolyase per cell (37), and therefore it could
be argued that the enhancement of dark survival observed in
GBS90 is not physiologically significant in cells containing
normal amounts of photolyase. To examine this question, we
determined the dark survivals of strains GBS57 (radl8 phrl)
and GBS58 (radl8 PHRI) in stationary phase; since neither
strain contains pGBS107, any effect on dark repair is likely
attributable to expression of the single chromosomal copy of
PHRI. Dark survival was significantly increased for strain
GBS58 (Fig. 1D); although to a less dramatic extent, we have
also observed enhancement of dark repair in log-phase
GBS58 (data not shown). These results, in conjunction with
the results obtained with the plasmid-containing strains,
indicate that it is the PHRI gene that is responsible for the
stimulation of dark repair and that stimulation can be ob-
served with normal levels of photolyase.
YeastPHRI photolyase inhibits nucleotide excision repair in
E. coli. Yamamoto et al. (50, 51) have reported that in-
creased expression of E. coli photolyase, by virtue of either
a purA mutation or the presence of a multicopy plasmid
carrying phr, increases the dark survival of E. coli recA uvr+
mutants. Using a newly constructed recA phr-J derivative of
AB1157 called UNC2157 (Table 1), we have confirmed these
observations (Fig. 2A). In addition, comparison of the sur-
vival of UNC2157 with that of AB2463 (a recA phr+ deriv-
ative of AB1157) demonstrates that significant stimulation of
dark repair occurs in stationary-phase E. coli with normal
levels of photolyase.
The amino acid sequences of E. coli and S. cerevisiae
photolyases are 37% identical, although certain regions of
the proteins, including the carboxy-terminal 150 amino ac-
ids, exhibit greater than 50% identity (35, 52). In addition,
both enzymes contain as chromophores reduced flavin ade-
nine dinucleotide and 5,10-methenyltetrahydrofolate (34,
38), and the yeast PHRJ gene complements the photoreac-
tivation deficiency in E. coli strains carrying phr mutations
(36). These similarities strongly suggested that the genes
encoding the yeast and E. coli photolyases evolved from a
common ancestral gene and led us to ask whether the S.
cerevisiae photolyase could also stimulate dark repair in a
recA phrl E. coli strain. Plasmid pGBS101, which contains
the entire yeast PHRI gene fused to the strong inducible tac
promoter, was used to transform E. coli UNC4003 (recA
phr-l), and the dark survival of the resulting strain,
UNC4006, was compared with those of the parental strain,
of UNC4005 (UNC4003 transformed with the parental tac
plasmid pUNC09), and of UNC4007 (UNC4003 transformed
with pCB9, which carries a truncated PHRI gene encoding
an inactive photolyase [37]). To our surprise, we found that
expression of yeast photolyase decreased the dark survival
of UNC4006 compared with that of the control strains (Fig.
2B). Sensitization to UV must be due specifically to the
presence of yeast photolyase and not simply to overproduc-
tion of any protein, as (1) induction of pGBS101 leads to the
synthesis of only about 10 molecules of active yeast enzyme
per cell (36), compared with the several thousand molecules
per cell of P-lactamase produced when pUNC09 is induced
(see, for example, reference 40), and (2) synthesis of the
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FIG. 1. Effect of an active PHRI gene on the survival, after 254-nm irradiation, of S. cerevisiae strains carrying either radl8 or rad2
mutations. Error bars indicate the standard deviations of values obtained in two independent experiments performed as described in Materials
and Methods. (A) Survival of cells from log-phase cultures of GBS90 (a; phrl radl8 pGBS107[PHRI]) and GBS91 (A; phrl radl8). (B)
Survival of cells from log-phase cultures of GBS88 (0; 0; phrl rad2 pGBS107[PHRI]) and GBS 89 (A, A; phrl rad2) either without (0, A)
or with (0, A) subsequent photoreactivation. (C) Survival of cells from log-phase cultures of GBS94 (0; phrl rad2 radl8 pGBS107[PHRI])
and GBS95 (A; phrl rad2 radl8). (D) Survival of cells from stationary-phase cultures of GBS57 (A; phrl radl8) and GBS58 (0; PHRI radl8).
inactive yeast photolyase encoded by pCB9 does not sensi-
tize the cells to 254-nm radiation. The 10- to 15-fold reduc-
tion in survival afforded by the presence of active yeast
photolyase at fluences of greater than 0.15 J/m2 is quite
striking considering the small amount of enzyme synthe-
sized. The difference between the dose required to reduce
survival to 0.1% for UNC4005 versus UNC4006 was approx-
imately 0.15 J/m2, corresponding to approximately nine
fewer pyrimidine dimers repaired per cell in UNC4006 (0.1
J/m2 of 254-nm radiation induces formation of six pyrimidine
dimers per E. coli genome [29]). Since only about 10 yeast
photolyase molecules were present per UNC4006 cell, this
finding suggests that binding of the yeast enzyme to a
pyrimidine dimer completely blocks repair via the only
functional dark-repair pathway in these cells, namely, nucle-
otide excision repair.
To determine whether dark-repair functions dependent on
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FIG. 2. Survival, after 254-nm irradiation, of various E. coli strains carrying mutations in either the recA or uvrA gene and with or without
active E. coli or yeast photolyase genes. Error bars indicate the standard deviations of two independent experiments. (A) Survival of
stationary-phase E. coli UNC2157 (v; recA phr), AB2463 (A; recA), and UNC4004 (0; recA phr-l pMS2[phr+]). (B) Survivals of log-phase
strains UNC4005 (v; recA phr-J pUNCO9), UNC4006 (A; recA phr-J pGBS101[PHRI]), and UNC4007 (0; recA phr-l pCB9[phrl]). (C)
Survivals of strains UNC4008 (0; uvrA phr-I pUNC09) and 4009 (A; uvrA phr-I pGBS101[PHRl]).
expression of yeast photolyase in E. coli, we examined the
dark survivals of strains UNC4008 and UNC4009, which are
derivatives of AB1157 carrying mutations in uvrA and phr
(Table 1). The survival of UNC4009 was unaffected by
induction of PHRI on pGBS101 (Fig. 2C). Since we have
previously shown that the dark survival of pGBS101-con-
taining derivatives of CSR603 (phr uvrA recA) is also unaf-
fected under these conditions (36), we conclude that inhibi-
tion of dark repair by yeast photolyase in E. coli, like
stimulation of dark repair by E. coli photolyase, requires an
active nucleotide excision repair pathway but not active
recA-mediated repair.
Interactions between yeast photolyase and E. coli ABC
excision nuclease in vitro. In E. coli, the first step in nucleo-
tide excision repair, incision of the damage-containing
strand, requires UvrA, UvrB, and UvrC proteins acting in a
multisubunit complex called ABC excision nuclease (34).
We have previously demonstrated that E. coli photolyase
stimulates incision by ABC excision nuclease at specific
pyrimidine dimers (24, 31), thereby providing a biochemical
explanation for the in vivo observation that uvr+ phr+
strains are more resistant to UV-induced cell killing in the
dark than are uvr+ phr strains. Similar studies are not yet
possible with the components of the yeast nucleotide exci-
sion repair pathway, since the specific proteins responsible
for damage recognition and incision have not been identified.
However, it is possible to explore the mechanism of inhibi-
tion of E. coli nucleotide excision repair by yeast photolyase
by using entirely defined components in vitro. Such studies
may also provide insight into the permissible dispositions of
the yeast excision enzymes around pyrimidine dimers.
Shown in Fig. 3 are the results of experiments comparing the
rate of incision of UV-irradiated or HMT-adducted pBR322
DNA by ABC excision nuclease with or without prior
incubation with concentrations of yeast photolyase sufficient
to bind >90% of pyrimidine dimers. Incision of the plasmid
DNA is indicated by the conversion of radiolabeled cova-
lently closed circular supercoiled DNA to relaxed circular
DNA. As can be seen, yeast photolyase inhibited incision of
UV-irradiated DNA but had no effect on incision of HMT-
adducted DNA. Quantitative analysis indicated that the
yeast enzyme decreased both the rate and the final extent of
incision of UV-irradiated DNA by a factor of approximately
2.5 (Fig. 4). The failure of photolyase to inhibit incision of
HMT-modified DNA is consistent with the specificity of the
enzyme in vivo (34) and demonstrates that inhibition is
specific for lesions that are bound by photolyase. Thus, it is
the interaction of photolyase with one or more components
of the excision nuclease at the site of the pyrimidine dimer,
rather than nonspecific interaction between the proteins in
solution, that inhibits the excision nuclease.
ABC excision nuclease makes concerted incisions at the
eighth phosphodiester bond 5' and the fourth or fifth phos-
phodiester bond 3' to pyrimidine dimers and in the damaged
strand (34). Although the incision assay described above will
not discriminate between concerted cuts and cuts made at
only one of the two normal incision sites, the results shown
in Fig. 4 indicate that the excision nuclease is unable to
incise on either side of a dimer at at least 60% of the lesions
and therefore that a large proportion of lesions are inacces-
sible to one or more components of the excision nuclease
when photolyase is bound.
Studies from several laboratories indicate that the A and B
subunits of the excision nuclease are responsible for sub-
strate recognition and bind to pyrimidine dimers and other
UV-induced lesions in the absence of the C subunit. Subse-
quent addition of the C subunit results in the dual incisions
characteristic of the excision reaction (34). To further define
the interactions involved in the inhibition of the incision
reaction, we examined the effect of prior binding of the A
and B subunits on photoreactivation by yeast photolyase in
vitro. Incubation of UV-irradiated pBR322 with the A and B
MOL. CELL. BIOL.
INTERACTIONS BETWEEN Phrl AND EXCISION REPAIR PROTEINS 4773
A
2 3 4 5 6 7 8 9 10 11
C
B
2 3 4 5 6 7 8 9 1011 12
D
FIG. 3. Incision of UV-irradiated (A and C) or psoralen-adducted (B and D) DNA in vitro by E. coli ABC excision nuclease in the presence
(C and D) or absence (A and B) of yeast photolyase. 3H-labeled pBR322 DNA containing either pyrimidine dimers or [3H]HMT adducts was
incubated with ABC excision nuclease with or without prior incubation with yeast photolyase, and samples were taken at various times during
the course of the reaction as described in Materials and Methods. Shown are photographs of ethidium bromide-stained agarose gels in which
nonincised covalently closed circular DNA (lower band in each panel) has been separated from incised open circular DNA. Lanes 1 to 11 on
panels A and C contain samples taken, respectively, at 0, 2, 4, 6, 8, 10, 15, 20, 30, 45, and 60 min after initiation of the incision reaction; lanes
1 to 12 in panels B and D contain samples taken at 0, 1, 2, 3, 4, 5, 6, 7, 9, 10, 15, and 60 min after initiation of the reaction. The decreased
incision of HMT-modified DNA compared with UV-irradiated DNA in the absence of photolyase reflects the instability of the UvrC subunit
and the fact that the assays using the two DNAs were performed several days apart; assays comparing incision on the same substrate were
always performed simultaneously.
subunits of the nuclease before addition of photolyase inhib-
ited the rate of dimer repair under conditions of limiting
photolyase, and the degree of inhibition was proportional to
the concentrations of the subunits (Fig. 5). The similarity in
the rates of photoreactivation early in the reaction suggested
that a fraction of dimers were not bound by the A and B
subunits and that repair of these dimers by photolyase was
unaffected. Taken together with the data presented above,
these results indicate that at pyrimidine dimers, formation of
A-DNA or AB-DNA complexes and binding by yeast pho-
tolyase are mutually exclusive events.
DISCUSSION
The light-dependent repair of pyrimidine dimers has long
been the sole known function of DNA photolyases. Only
recently has evidence been obtained that in E. coli, photo-
lyase also plays a role in the dark repair of dimers; both in
vivo and in vitro studies indicate that this role is stimulation
of nucleotide excision repair via interaction between photo-
lyase and ABC excision nuclease (12, 13, 24, 31, 50, 51). In
this report, we have presented evidence that photolyase
performs a similar function in yeast cells. Phr+ strains are
more resistant than Phr- strains to UV killing, and this
PHRJ-dependent resistance is abolished by a mutation in the
RAD2 gene, the product of which is required for the incision
step of nucleotide excision repair in yeast cells (7, 49), but is
unaffected by a mutation in the RAD18 gene, which is
involved in mutagenic repair (18, 25). Although we have not
assessed the effect of photolyase on dark repair in Rad+
strains, others have found that Rad+ Phr+ and Rad+ Phr-
strains survive 254-nm radiation about equally well in the
absence of photoreactivating light (10, 26); this finding
presumably reflects both the efficiency of the nucleotide
excision repair and dimer tolerance pathways in S. cerevi-
siae and the induction of substantial numbers of lethal
nondimer lesions at the high fluences required to saturate
these pathways.
Does the similarity in the phenotypes resulting from
interactions between photolyase and nucleotide excision
repair in yeast cells and E. coli reflect a common mecha-
nism? The amino acid sequences of E. coli photolyase and
the Phrl photolyase from S. cerevisiae exhibit 37% identity
overall and greater than 50% identity over the carboxy-
terminal 144 amino acids (35, 52). In addition, the proteins
contain the same two intrinsic chromophores (34, 38), and as
is demonstrated in the accompanying paper, the contacts
made on DNA by these two enzymes are quite similar (1).
Thus, all indications are that the structures of yeast and E.
coli photolyases are likewise similar. Although the precise
mechanism of nucleotide excision repair in yeast cells is not
known, several lines of evidence suggest that it resembles
that utilized in E. coli. In both organisms, pyrimidine dimers
and a variety of bulky nondimer lesions are excised from
DNA via this pathway (7, 15, 34). Excision is accompanied
by the release of additional nucleotides from the DNA,
although it is not clear whether in yeast cells this reflects
concerted phosphodiester bond cleavage both 5' and 3' to
the lesion as it does in E. coli (6, 34, 45). Incision requires
multiple gene products, and mutations in any of several
genes abolish incision at all lesions normally repaired via this
pathway (7, 34, 49). The results of photolyase footprinting
studies reported in the accompanying paper (1) demonstrate
that at least two to three phosphodiester bonds on each side
of the dimer are inaccessible to other DNA-binding proteins
when yeast photolyase is bound; that photolyase does not
inhibit nucleotide excision repair in yeast cells strongly
suggests that the initial incision(s) must be at least this
distance from the dimer. Taken together with the observa-
tion that the Phrl photolyase stimulates specifically nucleo-
tide excision repair of pyrimidine dimers, the available
evidence strongly suggests that stimulation is a consequence
of interactions occurring in a ternary complex composed of
the pyrimidine dimer and surrounding nucleotides, photo-
lyase, and a multisubunit complex that incises the damaged
strand at some distance from the pyrimidine dimer. That
this phenomenon is not limited to bacteria and unicellular
eucaryotes is suggested by the report that a photorepair-
deficient mutant in Drosophila melanogaster is also partially
VOL. 9, 1989














5 10 IS 20 25
TIME (min)
5 10 15 20
TIME (min)
FIG. 4. Kinetics of incision of UV-irradiated or psoralen-ad-
ducted DNA by ABC excision nuclease in vitro in the presence or
absence of yeast photolyase. Bands from gels similar to those shown
in Fig. 3 were cut from the gel and dissolved, and the radioactivity
was counted as described in Materials and Methods. The fraction of
total counts remaining as covalently closed circular DNA at each
time point was used to calculate the mean number of incisions per
plasmid molecule. Because of day-to-day variation in the absolute
number of incisions per molecule, the datum points shown are from
a single experiment; however, as long as reactions in the presence
and absence of photolyase were performed at the same time, the
relative number of incisions per plasmid molecule was the same
(within 10%) in each of the three independent experiments for both
types of modified DNA. (A) Results obtained with UV-irradiated
DNA in the presence (A) or absence (0) of yeast photolyase; (B)
results obtained with psoralen-adducted DNA in the presence (A) or
absence (0) of yeast photolyase.
deficient in dark repair and that the deficiency is closely
linked to a phr mutation (3). Therefore, we propose that
stimulation of excision repair by photolyase is a general
phenomenon and that, in addition to playing a role in
light-dependent repair, photolyase must also be considered
an accessory protein in the nucleotide excision repair path-
way. Whether this role extends to repair in higher mammals
remains an open question, since unequivocal demonstration
of enzymatic photoreactivation in these organisms has been
problematic (reviewed in reference 22) and attempts to
detect similar nucleotide sequences by using either the
bacterial or yeast gene as a probe have been unsuccessful,
perhaps because the nucleotide sequences of photolyases
are not highly conserved (22, 35, 52). Possibly in higher
mammals, photolyase has lost the ability to catalyze photo-
reactivation but still serves its ancillary role in excision of
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FIG. 5. Kinetics of photoreactivation by yeast photolyase in
vitro in the presence or absence of the A and B subunits of ABC
excision nuclease. Photolyase was added to UV-irradiated pBR322
either with or without prior incubation of the DNA with UvrA and
UvrB proteins, the mixture was exposed to photoreactivating light,
and samples taken at various times during the course of the reaction
were used to transform E. coli CSR603 to tetracycline resistance.
All procedures were performed as described in Materials and
Methods. Symbols: 0, no A and B subunits present before or during
photoreactivation; *, A and B subunits added 10 min before
photoreactivation at concentrations of 100 and 430 nM, respec-
tively; A, A and B subunits added 10 min before photoreactivation
at concentrations of 300 nM and 1.26 ,uM, respectively.
served, in whole or in part, from bacteria to higher mammals
is supported by the detection of amino acid homology
between the products of the human repair gene ERCCJ, the
yeast RADIO gene (46), and the E. coli uvrC gene (5).
If the photolyases and nucleotide excision repair pathways
in yeast cells and E. coli are similar, then why does the Phrl
photolyase stimulate excision repair in yeast cells but inhibit
incision by the E. coli excision nuclease? Our in vitro data
indicate that inhibition is attributable in whole or in part to
competition between the photolyase and the A or B subunit
(or both) ofABC excision nuclease for binding of pyrimidine
dimers. The ABC excision nuclease of E. coli cleaves the
eighth phosphodiester bond 5' to the dimer and the fourth or
fifth phosphodiester bond 3' to the dimer in the damaged
strand. Comparison of these incision sites with the contacts
made by E. coli photolyase (1, 16) and by the excision
nuclease (47) around the dimer indicate that the enzymes
must be in extremely close proximity, particularly at the 3'
incision site, and therefore that the tertiary structures of the
enzymes are critical in determining whether stimulation or
inhibition results from simultaneous binding. Although the
contacts made by yeast and E. coli photolyases with DNA at
and surrounding the dimer are quite similar (1), there are
subtle differences suggesting that the yeast photolyase inter-
acts more strongly with the complementary strand than does
E. coli photolyase. The DNase I digestion patterns also
indicate that the yeast enzyme protects a larger region 5' to
the dimer on both strands and, in addition, protects the
region 3' to the dimer more strongly than does the E. coli
enzyme; this observation may be particularly pertinent since
protection from DNase I digestion is determined both by
DNA contacts and by the three-dimensional structure of the
binding protein (43). The inhibition of the bacterial excision
nuclease by yeast photolyase in all likelihood reflects the fact
that photolyases and components of the incision complex
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